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Abstract. We have determined breakdown curves for a range of multiply charged
benzylpyridinium-substituted porphyrin cations by collision induced dissociation mea-
surements (CID) as mediated by resonant pulsed radio-frequency (rf) excitation in a
helium-filled linear ion trap. Measurements were compared with the predictions of
¥y DFT calculations. We find a linear correlation between experimental fragmentation

thresholds (in instrumental units of “normalized collision energy”) and theoretical
Oy dissociation energies, suggesting that these species can be used as calibrants to
gauge the fragmentation energetics of closely related systems. We have confirmed
this by also studying the fragmentation thresholds of metalloporphyrin-based ions —

including multiply negatively charged metalloporphyrin oligomers. Unfortunately, the
slope of the linear correlation obtained for benzylpyridinium-substituted porphyrin multications differs significantly
from that obtained by us for a set of smaller, singly charged substituted benzylpyridines put forward as
“thermometer” ions in previous work. Multiplying the threshold energies in an ad hoc fashion by the ion charge
basically reconciles both calibration curves. We conclude that one should use caution when applying small,
singly charged benzylpyridines as calibrants to gauge the CID of large, multiply charged ions in ion-trap mass

spectrometers.
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Introduction

Modern mass spectrometers often feature MS/MS capabil-
ities. Usually, this involves collision induced dissocia-
tion (CID), a process in which mass selected parent ions are
fragmented and the resulting charged fragments quantified.
Such measurements yield structural and energetic information
and correspondingly, CID has developed into a powerful and
ubiquitous analytical tool [1]. Energy-dependent CID [2] mea-
surements can be deconvoluted to yield breakdown curves in
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which the relative parent intensity (ratio of the parent ion
intensity and the total ion intensity) is plotted as a function of
the systematically varied excitation parameters — typically ex-
citation energy and fragmentation time. Despite the widespread
use of CID, determining bond energies from CID breakdown
curves is far from straightforward [3]. Ideally, a well-
thermalized ion packet is excited to a well-defined internal
energy and the resulting decay is then probed for an infinitely
long time (to rule out kinetic shifts). None of these conditions
are usually fulfilled. First, the ion source produces ions at
temperatures that differ significantly from room temperature
(often higher) but which are not accurately known. Further-
more, the internal excitation level of the ions when probed also
depends on the transfer ion optics to the mass spectrometer and
whether or not they are thermalized prior to the CID step. As a
consequence, their energy can be modified during the transfer
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to the CID collision cell. Another complication affects the
collisional excitation: whereas in classic triple-quadrupole in-
struments, all parent ions are accelerated to a well-defined
kinetic energy distribution prior to the collision with a bath
gas (usually at room temperature), this is typically not the case
in modern ion-trap mass spectrometers. Here, the mass selected
parent ion is resonantly excited for some set time period by a
radio-frequency (1f) electrical field [4]. During this excitation
sequence the ions undergo multiple collisions with the bath gas
and may ultimately dissociate. The fragments are off-reso-
nance, i.e., they are not further excited once formed. While
the rf-amplitude and excitation time is well defined, the amount
of energy transferred depends crucially on the rf-frequency in
relation to the mass of the parent ion. For obvious reasons, the
excitation time is limited and is typically on the time scale of
milliseconds to seconds. Heavy parent ions with a large num-
ber of degrees of freedom have to be excited to internal ener-
gies significantly above the dissociation threshold in order to
dissociate on this time scale — a well-known phenomenon
called kinetic shift [5]. Finally, it is not clear a priori whether
the detection efficacy is the same for parent and fragments,
especially if the ions need to be transferred from the collision
cell/ion trap to a detecting mass spectrometer. In short, CID
experiments are easy to perform, but difficult to analyze quanti-
tatively. Instead of trying to determine all relevant experimental
parameters and work out the excitation energy from them,
another approach is to calibrate the instrument by using
“thermometer ions” with well-known fragmentation energetics.

Several substances have been introduced as molecular ther-
mometers, such as leucine-enkephalin [6-8], tetraethylsilane
ions [9, 10], transition-metal carbonyl complexes [9, 11], and
substituted benzylpyridinium salts [12-32]. Among these,
benzylpyridinium ions have been used most often because their
fragmentation pattern is comparatively simple. The dominant
decay channel comprises the loss of a neutral pyridine mole-
cule: [R-C¢H4-CH,-NCsHs]" — [R-C¢H4-CH,]" + NCsHss.
The corresponding fragmentation is thought to occur through
a loose transition state, i.e., it can be looked upon as a direct
bond cleavage without a reverse activation barrier [13, 14, 16,
18, 19]. This greatly facilitates the theoretical modeling of the
rate constants for fragmentation since the vibrational frequen-
cies of the transition state can be interpolated by the frequencies
of parent and fragments. In a very pragmatic approach using a
series of differently substituted benzylpyridinium ions, Zins
et al. [13] have shown that there is a strong linear correlation
between the experimentally determined breakdown curve (ob-
tained from the ratio of parent ion to total ion intensity) and the
energy difference between parents and fragments as obtained
from quantum chemical calculations. In their studies, which
were performed using two similar ion-trap instruments
(Finnigan LCQ), they did not try to calculate the internal
energy of the collisionally activated parent species based on
the experimental parameters. Instead, they measured the parent
and fragment ion intensities as function of the instrumental
energy scale, the so called “normalized collision energy”,
NCE [33]. This software-controlled energy scale is designed

to achieve similar degrees of fragmentation at similar NCE
settings, independent of the m/z ratio of the parent ion. As a
consequence, for a given NCE value, the resonance rf ampli-
tude that is applied increases with m/z — typically with a linear
dependence. For each ion species, it turns out that the break-
down curve obtained (as function of NCE) can be characterized
quite well by only one molecule-specific parameter. Zins et al.
demonstrated in their study of the breakdown curves of 15
substituted benzylpyridinium ions that both the threshold en-
ergies, Esgo,, (the NCE value corresponding to equal parent and
fragment ion intensities) and the appearance energies AE (cor-
responding to a linear extrapolation of the breakdown curve
from Esgo, to the fragmentation onset) correlate strongly with
the calculated dissociation energies. This correlation allows a
very simple calibration of the CID energy scale of the respec-
tive instrument, without also having to calculate fragmentation
rate constants on the basis of RRKM [34] simulations.

By inference, other parent ions with similar Esg., or AE in
units of NCE should also have similar fragmentation barriers.
Does this in fact hold true over a wider m/z range (and in
particular also for more highly charged species) than accessed
in the above mentioned study of small, singly charged
benzylpyridinium species? Here we follow up on this question
by performing analogous measurements on a set of chemically
related but significantly larger thermometer ions using an ion-
trap based instrument (Thermo LTQ-XL Orbitrap) similar to
that used by Zins et al. Specifically, we have studied several
multiply charged cationic species formed upon electrospraying
the halide salt of 1,5,15,20-tetrakis(alpha-pyridinio-
methylphenyl)-(2H)-porphyrin, “[H,P]X,4”, from solution.
These species can carry up to four positive charges, dependent
on the number of counterions (bromine) present. In further
contrast to the substituted benzylpyridinium (mono)cations
used previously, they now comprise up to four
benzylpyridinium groups attached to a porphyrin ring. As a
consequence, we expect to see a fragmentation cascade with up
to four pyridine losses, see Scheme 1 (shown for the bromine-
free tetracation [H,P]*").

The purpose of this work is 2-fold: first, we want to explore
and possibly expand the validity range of benzylpyridinium-
based ions as thermometers for the collision induced dissocia-
tion of (multiply charged) gaseous ions in ion-trap instruments,
especially in combination with Orbitrap mass analyzers. Sec-
ond, we want to use the extended thermometer scale to estimate
the height of the Coulomb barrier for several multiply charged
metalloporphyrin oligomers. The latter application is part of an
ongoing project that is focused on the gas-phase structure,
energetics, and cooperative bonding interactions of
metalloporphyrin oligomer ions [35-38].

Experimental
Sample Preparation

For the preparation of the small benzylpyridinium salts we
followed literature procedure. Specifically, the corresponding
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Scheme 1. Fragmentation cascade of 1,5,15,20-tetrakis(alpha-pyridinio-methylphenyl)-(2H)-porphyrin

halides were obtained from Sigma Aldrich and treated with an
excess of pyridine at 60 °C for 3 h. After cooling to room
temperature, unreacted pyridine is removed by evaporation at
reduced pressure. The chloride salts were dissolved in metha-
nol or water and used without further purification. The metal-
free pyridinium porphyrin “[H,P]B,” was synthesized accord-
ing to literature procedures [39]. The metalation of pyridinium
porphyrine is performed as follows: 25 mg (0.025 mmol; 1 eq.)
of the pyridinitumporphyrine were dissolved in 3 mL of water
and treated with a solution of copper(Il)acetate monohydrate
(25 mg; 0,125 mmol; 5 eq.) in a minimal amount of water. The
reaction mixture was kept in the dark and stirred overnight at
room temperature, whereupon the solvent was removed under
reduced pressure. The resulting dark residue of metalated por-
phyrin was washed with a small amount of chloroform and
used without further purification.

Instrumental

The experiments were performed with a Thermo LTQ XL
Orbitrap mass spectrometer using a standard electrospray ion
source. The source conditions were: aqueous solution
(0.1 mmol/l) of [H,P]Bry, flow rate 3 pulL/min, spray voltage
ca. 3 kV, nitrogen as sheath gas, and transfer capillary heated to
150 °C. The ions emerging from the source are guided by a set
of lenses and rf'ion guides into a linear rf ion trap filled with ca.
4-10mbar of helium. Prior to the CID measurement, the
parent ion of interest is isolated by removing all unwanted ions
from the trap via the application of an appropriate rf-sweep. For
this, the center of the isolation range is set to the first peak of the
respective isotope distribution (within 0.01 u). The correspond-
ing isolation width is set to 3 u (unless noted otherwise).
Subsequently, the species remaining after isolation are excited
by a rf pulse. Unless otherwise noted, we kept the pulse length
constant at 30 ms. During this pulse the ions are accelerated by
the rf field, excited by collisions with the residual helium gas in
the ion trap until they dissociate. The pulse amplitude [in
instrument-specific units of “normalized collision energy”
(%NCE)] is varied systematically in order to obtain breakdown
curves; see below. As a consequence of the resonant rf excita-
tion, all ensuing fragments are off-resonance and are therefore
not excited further. The fragments that are observed originate
directly from the parent ion, i.e., the fragment distribution
exhibits far less secondary fragmentation than in conventional,

energy-resolved CID experiments, e.g., using triple quadrupole
instruments in which the parent ions are injected into a collision
gas cell at high energy. For detection, parent and fragment ions
are transferred into the Orbitrap and the fragment mass spec-
trum is recorded with high mass resolution. This is the main
difference to the setup used by Zins et al. [13] in which both
excitation and detection were performed in the same linear ion
trap.

In the instrument software, the excitation amplitude is given
in “NCE units”. This is not the actual rf voltage in volts, V.
Instead, the relation is ¥'=NCE - (a - (m/z)+ b) with a and b
instrument-specific (positive) parameters. Therefore, the actual
voltage applied for a given NCE value increases linearly with
the mass-to-charge ratio of the respective ion. The underlying
idea is that regardless of which molecules, the number of
vibrational-degrees-of-freedom scales roughly the same way
as their molecular mass increases. Under this idealized assump-
tion all chemically related species with the same fragmentation
energy but different m/z should show the same degree of
fragmentation at the same excitation amplitude setting (in units
of NCE).

Computational

We performed full geometry optimizations for all parent and
fragment ions (see below) using density functional theory with
the BP86 functional and def-SVP basis set as implemented in
the Turbomole package. The theoretical fragmentation energy
is calculated as the difference between the total energy (without
zero point energy) of the parent benzylpyridinum ion and the
sum of the total energies of the respective benzylium ion and
neutral pyridine fragments. We assume that the fragmentation
pathway is identical for all losses, with no reverse barrier.
However, the benzylium fragment can isomerize into a
tropylium ion, which is often slightly lower in energy [13, 40,
41]. On the other hand, the formation of a seven-membered
ring requires a substantial bond rearrangement and, conse-
quently, is expected to have a significant (additional) activation
barrier. In an IRMPD spectroscopy study it has been shown
that such isomerization occurs on longer timescales than rele-
vant for CID studies and can therefore be neglected in corre-
sponding applications of (small, singly charged)
benzylpyridinium ions [32]. Compared with the latter and also
taking into account their much larger number of degrees of
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freedom, we expect that the isomerization of H,P-based cations
to tropylium fragments should be even slower (at similar ener-
gies). Nevertheless, we have calculated the total energies of
both the benzylium and tropylium fragment ions generated
following the first pyridine loss: they are almost isoenergetic,
the tropylium being 2 kJ/mol lower (see Figure 5). Specifically,
we calculate the fragmentation energies as 221 kJ/mol to gen-
erate the benzylium and 219 kJ/mol for the tropylium fragment
ion (+ pyridine), i.e., the small energy difference is negligible
compared with the much larger fragmentation energy.

Results

Figure 1 shows a typical mass spectrum obtained by
electrospray ionization of an aqueous solution of [H,P]Bry.
The spectrum is dominated by quadruply and triply charged
species, especially by [H,P]*" and [H,P+Br]*". In-source frag-
mentation, i.e., loss of one or several pyridine units leading to
[H,P—n py ]*" and [H,P+Br- n py]’" is generally observed as
well. Its extent depends on the source conditions. In addition to
adducts of bromine counterions, some triply charged species
also result from deprotonation. Since the masses of bromine
and pyridine are close, the isotope distributions of the
deprotonated parent ion [HP]**, and the fragment [H,P-
py+Br]*" overlap (see inset of Figure 1). This is only a minor
complication as all peaks can easily be mass-resolved by the
Orbitrap used in this study.

In the subsequent CID experiments, each of the species
indicated in Figure 1 was isolated and excited by applying
the appropriate resonant rf-pulse (as detailed in Experimental).
In most cases we observe loss of one neutral pyridine molecule
as the dominating fragmentation channel, see Figure 2. How-
ever, at the same nominal NCE, the relative fragment intensity
strongly depends on the respective parent ion: at 10% NCE,
more than 50% of the [H,P]*" ions are dissociated into [H,P-
py]*" and pyridine. At the same NCE [H,P-3py]*" is quite
stable. Its relative fragment ion intensity is smaller than 5% -
see Figure 2d. [H,P-py]*" and [H,P-2py]*" are intermediate,
see Figure 2b and c.

Increasing the collision energy to 15% NCE leads to in-
creased fragmentation in all cases. Under these conditions
[H,P]*" is almost completely dissociated, whereas for [H,P-
3py]*" the dissociation is observed to set in. Again, the other
species are intermediate; see Supplementary Figure S2. For
[H,P]*" and [H,P-py]*" the only fragmentation channel is loss
of one neutral pyridine molecule (Supplementary Figure S2a
and b), loss of two pyridines accounts for less than 1% of the
total fragment intensity. For [HyP-2py]*", pyridine loss is still
the dominating fragmentation channel, but loss of CHj3 and of
protonated pyridine (leading to a triply charged fragment) are
observed as minor channels as well; see Supplementary
Figure S2c¢. For [H,P-3py]*" the situation is reversed: CHj loss
and loss of protonated pyridine dominate over loss of neutral
pyridine. This can be understood on the basis of the increasing
electron affinity of the [H,P-npy]*" species; see Supplementary

Figure S1. While the brominated species [H,P+Br]*", [H,P-
py+Br]*", [HoP-2py+Br]*", and [H,P+2Br]** show the typical
simple pyridine loss fragmentation pattern as well, this behav-
ior is more difficult to reconcile with expectations from DFT
calculations. These indicate that the energetically favored frag-
mentation product does not in fact correspond to a zwitterion
with separate multicationic benzylium group and bromine an-
ion. Instead, in the favored fragment ion structure, the bromine
forms a covalent bond with the terminal CH,-group of the
benzylium subunit (see Supplementary Figures S3 and S4).
Obviously, accessing such a structure from the parent ion does
not involve just simple bond cleavage and pyridine loss, but
instead requires significant atom rearrangement. Therefore the
process is expected to have an additional activation barrier with
an overall height that depends on the relative position of the
counterion and leaving pyridine group (see below). There are
several possible isomers. It is not clear how large the relative
abundances of these different isomers are in our ion-trap. As a
consequence, we neglect the bromine-containing species and
use only the quadruply charged ions [HyP]*", [H,P-py]*", and
[H,P-2py]*" as well as the deprotonated triply charged ions
[HP]*" and [HP-py]3+ for “thermometer ion” calibration.

The calibration procedure is as follows: for each of these
five species, we determine the breakdown curve, i.e., the rela-
tive parent intensity (ratio of the parent ion intensity and the
total ion intensity) as function of the instrumental excitation
energy in units of NCE; see Figure 3'. Subsequently, we fit a

function of the type f(E) = 4" I—W to the data.

Such an exponential fit is the obvious choice to reflect an
Arrhenius-like fragmentation activation energy and the system-
atically varied internal energy distribution of the parent ions
[13]. Parameter A takes into account that some of the parent
ions might already fragment upon isolation, i.e., even at a
nominal excitation energy of zero. It turns out that this is not
the case, i.e., parameter A is close to 100% (within 3%).
Parameter B describes the steepness of the fit function. The
threshold energy, Esqe,, is defined as the energy at which the
relative parent ion intensity is reduced to 50%.

For “thermometer ion” calibration, the Esq, values then
need to be correlated with the calculated dissociation energies
(as indicated in Table 1 and Supplementary Figure S1). As
discussed above, these dissociation energies are obtained as
differences of the total energies of the respective parent and
fragment ions plus the energy of the outgoing neutral pyridine
group, which amounts to —248.106626 in atomic units. All
geometries are fully optimized; the structures and

'Since the benzylpyridinium porphyrins can lose pyridines via
several identical paths (for example four in case of [H2P]*",
three in case of [HoP-py]*"), one might include a multiplicity
factor, i.e. calculate the total ion intensity by sum of fragment
intensity, divided by this multiplicity factor, and parent inten-
sity. This procedure slightly shifts the breakdown curves to
larger values, see Table 1.
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Figure 1. Typical ESI mass spectrum of 1,5,15,20-tetrakis(alpha-pyridinio-methylphenyl)-(2H)-porphyrin tetrabromide “[H.PBr,4]”.
The black, blue, and red labels refer to doubly, triply, and quadruply charged cations, respectively; “py” stands for pyridine

corresponding total energies are shown in Supplementary
Figure S1. As a general rule, the dissociation energy increases
with charge state. Furthermore, for the same charge, the disso-
ciation energy increases as the number of pyridine units that
remain attached to the respective porphyrinic fragment ion
decreases. This reflects the fact that higher charge states are
better stabilized by larger and therefore more polarizable ions.
Or put another way, the closer the charges, the larger the
intramolecular Coulomb repulsion (and the less stable the
resulting porphyrinic fragment). See Supplementary

[H,P-pyl*
*
[HPY*
(@)
160 180 200 220 240
m/z *
[H,P-py]*
[H,P-2py]**
(b)
160 180 200 220 240
m/z

Figure S1 for a charge distribution on parent and fragment
based on Mulliken-population analysis.

As can be seen in Figure 4, the experimental threshold
energies, Esqo,, and the respective calculated dissociation ener-
gies, Ep;ss, are indeed highly correlated (filled red circles). A
linear fit with intercept fixed to zero describes the relation well,
i.e., EpjsslkJ/mol] and Esg.,[%NCE] are proportional to each
other with a proportionality factor of 21.2 [kJ/(mol-%NCE)].
Allowing for a variable intercept does not significantly improve
the quality of the fit, see Figure 4.

*
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()
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|
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Figure 2. Typical CID measurements for quadruply charged [H.P- n py]** ions, n = 0-3. The respective parent ions (indicated by
stars) were isolated in the ion trap and excited by a rf-pulse to probe fragments generated at a fixed excitation energy. The resulting
fragment ions were detected in the Orbitrap. All parameters were kept constant except for the parent ion mass (which was set to the
first peak of the respective isomer distribution). The isolation width was set to 3 u, the excitation energy (NCE) to 10%, and the pulse

duration 30 ms
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ered, i.e., relative parent intensity [lparent/(Iparent*lrragment)] @s @
function of the excitation energy (“normalized collision energy”,
in % NCE) for the quadruply charged [H.P- n py]** ions, n = 0,
singly, doubly, and the triply charged ions [HP- n py]**,n=0, 1.
The lines correspond to an exponential fit to the data; see text.
For each fragmentation curve three runs were conducted. The
statistical error on each data point is 5%

As already mentioned above, the triply and doubly charged
aggregates of the porphyrin cation with bromine counterions
[HoP+Br]*", [H,P-py+Br]**, [H,P-2py+Br]®*", and
[H,P+2Br]*" show the same simple pyridine loss fragmenta-
tion pattern. Based on our DFT-calculations, the resulting
zwitterions (i.e., the isomers in which the bromine anion is
bound ionically rather than covalently to the porphyrin frag-
ment ion) do not represent the lowest energy form of the
respective fragments (see Supplementary Figures S3 and S4).
The zwitterionic isomer is 153 kJ/mol less stable than the [H,P-
py+Br]*" isomer in which the bromine is covalently bound to
the terminal benzylic CH, moiety resulting from pyridine loss.
In the former case, the fragmentation energy (calculated as the

Table 1. Experimentally Determined Normalized Collision Energies (NCE)
Required to Achieve Equal Parent and Fragment lon Intensities, Esq., (Given in
%NCE), for Five Multiply Charged Benzylpyridinium-Porphyrin Ions. These
are Contrasted to Quantum Chemically Calculated Dissociation Energies for the
Same Process

Esov, [% NCE]? Enpiss (kJ/mol)
exptl. calc.
[HoP]*" — [HoP-py]*" + py 9.7+02 221
[HP-py]*" — [HoP-2py]*" + py 11.9+0.2 268*
[HoP- 2py] — [HP-3py]*" + py 147402 300*
[HPP* [HP-py]3+ +py 6.9+02 125
[HP- py]3+ [HP-2py]>” + py 88+02 186

*Note that for [H,P-2py]*" both cis and trans isomers were considered (see
Figure 6); they differ in energy by 0.6 kJ/mol, which is negligible.
®Introduction of path multiplicity factors shifts the breakdown curves and
consequently Esqo, to slightly larger values; for [H,P]*" we obtain 11.4
[%NCE], for [HoP-py]*" 13.6, for [H,P-2py]*" 15.6, for [HPT** 9.6, and for
[HP-py]** 10.0.

3501 ED\ss =21 '2'E50%
[CuP-2py]**
300 R? = 0.947 e [HP-2py1
H,P-pyJ*+
250 PPVl oA cup-pype
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E 505 [%NCE]

Figure 4. Correlation between experimentally determined
fragmentation thresholds (Esqe, values) and dissociation ener-
gies calculated at the DFT level. The red filled circles are the
bromine-free, [HoP]-based porphyrin cations used for calibra-
tion. The red open circles correspond to adducts of the latter
with bromine counterions. The black open circles represent
analogous [CuP]-based porphyrin cations. Only the bromine-
free, [HoP]-based porphyrin cations were used for calibration;
see text. The black line corresponds to a linear fit optimizing
both the slope and the intercept. The red line corresponds to a
linear fit with the intercept fixed to zero

difference of ground state energies of parent and fragment ions)
is 168 kJ/mol, in the latter case it is only 15 kJ/mol. However,
the energy required to reach the zwitterionic isomer represents
a plausible approximation to the kinetically limiting dissocia-
tion barrier because one can expect that the intramolecular
neutralization by addition of the bromine anion to the cationic
CH, group would occur only after the pyridine dissociation
step. If this is true, [H,P+Br]>* should show a similarly good
correlation with the experimental thresholds as is the case for
the five bromine-free species discussed above. This is indeed
the case: for [H,P+Br]*" we measure a threshold energy, Esos,
of 6.9. If we multiply this with the proportionality factor of21.2
obtained from our previous calibration procedure, we get
146 kJ/mol, in reasonable agreement with the value of
168 kJ/mol calculated for dissociation into the zwitterionic
structure. For the doubly charged [H,P+2Br]*" the situation is
similar. For dissociation into pyridine and the zwitterionic
porphyrin fragment we calculate a total energy difference of
143 kJ/mol. With the covalently bound fragmentation product
we calculate only a difference of 6 kJ/mol. Experimentally, we
obtain a Esq, value of 6.1, which translates into an energy
barrier of 129 kJ/mol, again in reasonable agreement with the
energy difference obtained by DFT for the zwitterionic frag-
ment. Both data points are included in Figure 4 as red open
circles (but not used in the calibration fit). We did not perform a
similar comparison of the fragmentation thresholds of [H,P-
py+Br" (Esgo,: 7.9) and [HoP-2py+Br]** (Esge,: 13.2) with
corresponding DFT calculations, since it is not clear whether
the two parent ions are zwitterionic or not (note that these
species result from in-source fragmentation of [H,P+Br]*"
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followed by transfer into the ion trap, i.e., there is ample time
available for rearrangement). The same holds true for their
fragments [HoP-2py+Br]*" and [H,P-3py+Br]*".

Robustness of Calibration

Before using such a thermometer ion calibration to analyze the
fragmentation of related systems, it is important to consider the
reproducibility of breakdown curves and related threshold en-
ergies, Esgo,. The mass spectra, i.e., the relative intensities of
doubly, triply, and quadruply charged ions, as well as the
relative amounts of pyridine loss fragments, depend strongly
on ion source conditions such as spray voltage, capillary tem-
perature, and tube lens voltage. In contrast, within the error
limits of the experiments (0.2 NCE, see Table 1), the break-
down curves and resulting Esq, values do not depend on
source conditions. This implies that the parent ions are suffi-
ciently thermalized after transfer and storage in the ion trap,
prior to the rf-activation step. Not surprisingly, there is a
pronounced dependence of breakdown curves on the exact
position of the excitation window — relative to the isotopomer
distribution of the ions to be excited. We therefore consistently
set the excitation position exactly (to within 0.01 mass units) on
top of the first peak in the isotope distribution of the respective
parent ion. Additionally, the breakdown curves depend strong-
ly on the excitation time. Supplementary Figure S5a shows
measurements for excitation times of 30, 100, and 300 ms,
respectively. These indicate that a 10-fold increase in excitation
time decreases Esqgo, values roughly by 20%. For all measure-
ments, the excitation time was therefore kept constant at 30 ms.
The breakdown curves depend slightly on the isolation width
(see Supplementary Figure S5b) as well. This reflects the fact
that the parent ions may already be excited by the isolation
procedure. A small isolation window requires a rf-sweep with
frequencies close to the resonance frequency of the respective
parent ion. Therefore we kept the isolation width constant at 3 u
for all measurements. Under these conditions (and if all of the
other ion trap potentials and the activation time are kept con-
stant), the determination of Esq, is highly reproducible, see
Supplementary Figure S5c. For each data point the ion signal
was integrated for 1 min, i.e., the determination of each break-
down curve took less than 30 min and the entire calibration
procedure could be performed within 2 hours.

Test Case.: Metalloporphyrins

Next we checked the calibration using a closely related test
case: 1,5,15,20-Tetrakis(alpha-pyridinio-methylphenyl)-(Cu)-
porphyrin “CuP”, which differs from the free-base “H,P”
thermometer ion system only by substitution of two central
protons by one Cu**. The mass spectrum and fragmentation
pattern closely resemble that of the free-base congener “H,P”.
Pyridine loss is the dominant fragmentation channel and again
we expect no reverse barrier. The experimentally determined
fragmentation threshold energies should therefore again corre-
late to the thermodynamic dissociation energies. Based on the

respective breakdown curves (not shown), we obtain Esgo,
values of 10.0 for [CuP]*", 12.6 for [CuP-py]*", and 14.0 for
[CuP-2py]*", respectively. Using the calibration constant of
21.2 (see above), this translates to fragmentation energies of
212, 272, and 297 kJ/mol, respectively. On average, these
values deviate by less than 5% from the DFT-calculated disso-
ciation energies, see Table 2 and Figure 4. As before, the parent
and fragment geometries are fully optimized. The close rela-
tionship between experimental and calculated energies implies
that this method can be used as a tool to estimate fragmentation
barriers — at least for similar (porphyrin) systems.

Comparison with Small Benzylpyridine Cations

In order to test the limits of the benzylpyridine-porphyrin-ion
based energy calibration (Table 1), we next measured a set of
10 small, singly charged benzylpyridinium-cations (Table 3) —
a data set similar to the one used by Zins etal. [13]. We used the
same ion trap parameters (width 3 u, 30 ms excitation time) as
before, and detected both parent and fragment ions in the
Orbitrap. In all cases, we observed loss of pyridine as the only
fragmentation channel. We obtain similar, highly reproducible
breakdown curves that allow us to determine Esq., with an
accuracy of £0.1 NCE. The thermodynamic dissociation ener-
gies of the small benzylpyridinium ions were obtained by DFT
calculations with the same functional and basis set as for the
benzyl-pyridine-porphyrin multications. As before, we observe
a linear relation between the experimental Es., values and the
quantum chemically obtained dissociation energies. However,
as can be seen from Figure 5a, the slope of the line for small,
singly charged benzylpyridinium-cations differs completely
(by more than a factor of five) from that obtained for the
multiply charged benzylpyridinium-porphyrin cations — even
though the dominant fragmentation channel is the same in both
cases. A possible reason is that the ion transfer to the Orbitrap
(after CID in the ion trap) depends on the mass-to-charge ratio
and/or mobility of parents and fragments. For the benzyl-
pyridine-porphyrins both parent and fragment ions have similar
masses (within 10%) while for the small thermometer ions the
fragments have only 50%—67% of the parent mass. As a
consequence, we reanalyzed the data by calculating the relative
parent ion intensity (normalized against parent ion intensity at
NCE =0) as a function of NCE. This method has the advantage
that it is not prone to mass-dependent ion transfer since it
focuses only on the parent mass; the disadvantage is that it is

Table 2. Esg, Values (Given in %NCE) for Three Quadruply Charged Copper-
Benzylpyridinium-Porphyrin Ions. These are Compared to Quantum Chemical-
ly Calculated Dissociation Energies

Esoos Ebiss Episs

[% NCE] (kJ/mol) (kJ/mol)

exp. exp. calc.
[CuPT*" — [CuP-py]*" + py 10.0+0.2 212 225
[CuP-py]*" — [CuP-2py]*" + py 126 +£0.2 272 269
[CuP-2py]*" — [CuP-3py]*" + py 140+0.2 297 301
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Table 3. Esgo, (Given in %NCE) Values and Quantum Chemically Calculated
Dissociation Energies for Small Substituted Benzylpyridinium Ions

R R

N N
‘ | - CsHsN

P N 55 ‘ =

Substitution Esoo, [% NCE] exp. Episs [kJ/mol] calc.
m-CHj 353+0.1 233
0-CH; 34.1+0.1 226
p-CH; 33.6+0.1 218
p-OCH; 23.3+0.1 179
p-F 348 +0.1 228
p-Cl 31.7£0.1 224
p-CN 38.4+0.1 258
p-CF; 36.9+ 0.1 257
p-tert-Butyl 249 +0.1 205
Pentamethyl 16.7+0.1 172
2,4-Dimethyl 27.9+0.1 201

much more sensitive to ESI source intensity fluctuations. As
can be seen in Supplementary Figure S6, this procedure some-
what improves the individual fits, but does not solve the fun-
damental problem, namely that the two thermometer scales are
incompatible. Another possible reason is that the NCE scale
might not correctly take the charge into account: as it is imple-
mented in the instrument software, the rf excitation voltage
applied is a linear function of the mass-to-charge-ratio only (see
Introductory part). The charge alone is not a parameter that can
be set (only NCE, m/z, isolation width, and excitation time).
The idea behind this is that for two ions with the same mass-to-
charge ratio, the one with the higher charge consequently has a
larger number of atoms (assuming similar composition) and
therefore more vibrational degrees of freedom. As a conse-
quence, its kinetic shift is larger, i.e., for a given internal energy
the fragmentation is slower. However, due to the higher charge,
the ion gains a higher internal energy and ideally this cancels
the larger kinetic shift so that for a given time window the
fragmentation ratios of all ions with same m/z should be equal.
Obviously, as can be seen in Figure 5a, this is not true. As a
consequence, we multiplied the Esqo,-values by the charge, i.e.,
by 4 for [H2P-n py]*". As can be seen in Figure 5b, this ad hoc
procedure works reasonably well, and both small and large
thermometer ions almost fall on a single line. Apparently, for
a charge-independent calibration, the NCE scale has to be
multiplied by the charge of the respective ion.

In order to validate our conclusions, we repeated the
CID experiments on another instrument (Waters Synapt
G2). Here the ions are accelerated by a traveling voltage
wave through a gas (Ar) filled collision cell. The
resulting fragment ions are guided through the ion mo-
bility cell and are analyzed by a reflectron time-of-flight
mass spectrometer. By variation of the acceleration volt-
age and integration the parent and fragment ion intensi-
ties we obtain similar breakdown curves as for the LTQ
orbitrap instrument. As before, the calibration curves for

both small and large thermometer ions are internally
consistent, but both calibration curves differ significantly
as well. In this case both curves cannot be reconciled by
multiplication with the charge (see Supplementary
Figure S1la and b).

Estimation of Fragmentation Barriers for Porphyrin
Dimers

We next apply our benzylpyridine-porphyrin based energy
calibration to examine the fragmentation energies of larger
oligomers of multiply negatively charged substituted
metalloporphyrins such as tetra(4-sulfonatophenyl)porphyrins
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Figure 5. Comparison of the calibration curves obtained for
multiply charged [H,P]-based cations (red dots), small singly
charged benzylpyridinium ions (blue dots). The numbers corre-
spond to the different substitutions: 1 = pentamethyl, 2 = p-
OCHgs, 3 = p-tert-butyl, 4 = 2,4-dimethyl, 5 = p-Cl, 6 = p-CHs,
7 =0-CHg, 8 =p-F, 9 =m-CHg, 10 = p-CF3, 11 = p-CN; see text.
(a) The Esgq, Of the respective ions are unscaled, i.e., as obtain-
ed from the breakdown curves, (b) the Esqo, are multiplied by
the charge of the respective ions, i.e., multiplied by 4 for [HoP-n
py]** and 3 for [HP-n py]**
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Figure 6. Breakdown curves for different porphyrin dimer
multi-anions. Relative parent intensity as function of normalized
collision energy for [(Mn""TPPS),+Na]*", [Cu"TPPPS),+3Na]>",
and [(Zn"TPPPS),+3Na]®>". Since the Orbitrap is a charge-
sensitive detector, we have to correct the ion intensity for the
charge (i.e., divide each ion intensity by the respective charge),
and since each parent ion gives rise to two fragment ions, we
average the intensities of the fragments; i.e., the relative parent
1,/5
o5+ K00 /40 )
fragmentation curve two runs were conducted. The statistical
error on each data point is 5%

intensity is calculated as: I,,, = For each

(TPPS) with different metal centers (Zn", Cu", and Mn"™).
From previous studies we know that MTPPS species easily
oligomerize in gas phase [35, 36, 38]. Supplementary
Figure S7a shows a typical ESI mass spectrum of a 1 mmol/l
aqueous solution of Mn'""TPPS. Besides the dominating mono-
mers in the —3 charge state (which have several different
comparable-in-magnitude collision induced decay channels
and were therefore not studied), dimers in different charge
states account for ca. 10% of the total ion intensity. For the
dimer in charge state —5, the dominant fragmentation channel is
dissociation into the corresponding doubly and triply charged
monomers, see Supplementary Figure S7b. This means that the
dimer fragmentation pattern is almost as simple as that for the
thermometer ions used for calibration, i.e., in both cases only
one fragmentation channel has to be taken into account and the
fragmentation is basically the cleaving of one bond, i.¢., there is
no significant structural rearrangement of the fragments after
dissociation. The main difference is that now both fragments
are charged, which leads to an electrostatic Coulomb barrier.
This can easily be understood by looking at the reverse process:
at large distances two well separated, charged fragments (of the
same polarity) can be approximated as point charges. They are
then subjected to a Coulomb repulsion that is inversely propor-
tional to their separation. When this distance is reduced, the
charged fragments have to pass over a repulsive Coulomb
barrier before they can associate and form a (covalent or ionic)
bond. This barrier strongly depends on the electronic properties

of the corresponding ions, such as their charge distribution and
polarizability. It can easily range up to several electron volts in
height.

In a previous publication, we had determined the break-
down curves of [(Mn"'TPPS),+H]>" [35]. Note that these
curves are not comparable with the present energy calibrations
since the excitation parameters differed in the former study.
Now, using the same parameters as for the “H,P” calibration,
we obtain the breakdown curves as shown in Figure 6. The
derived threshold energies Esgo, are 20.7 [%NCE] for
[(MnTPPS),+Na]>~ (Figure 6). For the analogous protonated
species, we obtain similar values, 20.8, reflecting the fact that
for TPPS-dimers with trivalent metal centers, the counterions
are not involved in the bond between the monomeric subunits
[35]. Using the linear calibration function obtained for all
benzylpyridine thermometer ions (Ep;ss = 3.7 Eso,.charge+97,
see Figure 5b, black line) this translates into a fragmentation
activation energies of 480 kJ/mol. (Ignoring the charge, i.e.,
using the scaling factor of 21.2, cf. Figure 5a, we obtain 440 kJ/
mol; see Table 4).

For [(Cu"TPPS)+3Na]>™ and [(Zn"TPPS)+3Na]’~ we ob-
tain threshold energies, Esqo,, of 24.5 [%NCE] and 27.4
[%NCE], which translates to 550 kJ/mol and 600 kJ/mol,
respectively, with the linear calibration (Ep;s = 3.7
Esge,-charge + 97). Both values are similar, reflecting the fact
that the TPPS-dimers with a divalent metal center are bound by
ionic interactions between the sodium counterions and the
sulfonic acid groups and the transition metal centers are not
directly involved in the cohesion [38]. For the closed-shell 5]
ZnTPPS we performed DFT calculations (BP-86, def-SVP
basis set) and obtained 120 kJ/mol for the fragmentation of
the Zn-dimer according to the scheme [(Zn""TPPS)+3Na]>” —
[(Zn"TPPS)+Na]’~ + [(Zn"TPPS)+2Na]*~ (not zero-point-
energy corrected energy difference of the optimized parent
and fragment structures). The experimental threshold energy
of 600 kJ/mol is significantly larger than this energy difference
of 120 kJ/mol. Note that our experiment indicates the presence
of a substantial Coulomb barrier to fragmentation. We have
explored the corresponding multidimensional Coulomb barrier
surface of [(Zn"TPPS)+3Na]>" theoretically by performing
model calculations at the DFT-level (BP-86, def-svp), see
Supplementary Figure S8. The barrier height obtained
(625 kJ/mol) in this calculation is in reasonable agreement
(within 5%) with the experimental threshold energy (600 kJ/
mol) as calibrated with the thermometer ion based scale,

Table 4. Es, Values for Various Metalloporphyrin Dimers

Esoe, [% NCE]  Episs = 3.7Esoe,.  Episs = 21.2:Esqq,
charge + 97
[Mn"TPPS),+H]> 20.8+0.5 480 kJ/mol 440 kJ/mol
[Mn"'TPPS),+Na]> 20.7+0.5 480 kJ/mol 440 kJ/mol
[(Cu'"TPPS),+3Na]> 24.5+0.5 550 kJ/mol 520 kJ/mol
[(Zn"TPPS),+3Na]> 27.4+0.5 600 kJ/mol 580 kJmol
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suggesting that the method remains applicable for
metalloporphyrin dimers.

Conclusions

We have explored the suitability range of benzylpyridinium-
based “thermometer ions” by performing a collision induced
dissociation (CID) and quantum chemical study of various
multiply charged (up to +4) cations resulting from electrospray
ionization (ESI) of 1,5,15,20-tetrakis(alpha-pyridinio-
methylphenyl)-(2H)-porphyrin, “H,P”. As expected for
substituted benzylpyridines, a dominant simple fragmentation
reaction is observed: loss of neutral pyridine. In addition, H,P
has the advantage that it contains four benzylpyridine units.
Thus ESI gives rise to a fragmentation cascade, which provides
several fragment species suitable for calibration of the CID-
energy scale (“Normalized Collision Energy”) via further frag-
mentation in the linear ion trap of an LTQ-XL Orbitrap mass
spectrometer. With five different “H,P”-derived ions as
calibrants, we find the experimentally observed threshold en-
ergies, Esg, to be proportional to the quantum chemically
calculated dissociation energies to a high degree of accuracy.
However, comparing this correlation with analogous measure-
ments of a range of small, singly charged substituted
benzylpyridines previously used for calibration, we find large
deviations. Multiplying the Esq., values with the respective
charge gives a reasonable overall fit for both small, singly
charged, and large, triply and quadruply charged thermometer
ions. As an application and test, we have also studied multiply
negatively charged metalloporphyrin dimers and have applied
our thermometer ion- based calibration to gauge the Coulomb
barriers for their fragmentation.
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